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Multi-dimensional blast furnace operation simulator based on multi-ﬂuid theory and reaction kinetics is applied to the
novel operations of blast furnace. The eﬀective use of carbon composite agglomerates (CCB) in blast furnace is expected to
have several advantages to improve furnace eﬃciency. In this study, mathematical expression of reduction behavior of CCB
was introduced into the blast furnace simulator and the eﬀect of charging CCB to blast furnace and accompanying temper-
ature lowering were numerically examined. The calculation results showed the increase in productivity and decrease in
reducing agent rate with CCB charging while reduction of iron-bearing materials was retarded due to temperature decrease
in stack region. Thermal analysis revealed that this improvement of heat eﬃciency is caused by the decrease in heat require-
ments for solution loss, sinter reduction and silicon transfer reactions, heat outﬂow by top gas and wall heat transfer.
 2006 Elsevier Inc. All rights reserved.
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Ironmaking blast furnace is a principal reactor in iron and steelmaking industries and produces pig iron
from iron ore. The shape of the furnace is cylinder of which diameter varies with height, and it does not change
over a century. Contrarily the size of the furnace has been increasing year by year (the current largest inner
volume is 5775 m3) and it is recognized as one of the largest industrial reactors. The blast furnace is usually
categorized as countercurrent moving bed reactor. The lump solid materials are alternatively charged onto the
top of the furnace. Hot air is introduced through tuyere that are set on the lower furnace wall. Auxiliary fuels
(pulverized coal, oil or natural gas) and raw materials (ﬁne ore or ﬂuxes) are injected into the furnace with
blast air from the tuyere. In front of the tuyere, coke particles react with oxygen in the blast air and generate0307-904X/$ - see front matter  2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.apm.2006.03.013
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In the middle height of the furnace, the reduced iron and slag are fused by the combustion heat and form the
low permeable layer, so called cohesive zone. The molten iron and slag that are generated in this region trickle
down through the packed bed of coke particles and ﬂow into the bottom of the furnace. Therefore, the ﬂows
of gas, lump solids and liquids exist at the same time in the lower part of the blast furnace.
In recent years, many eﬀorts have been made to increase the rate of pulverized coal injection through the
tuyere because use of pulverized coal decreases the energy consumption and cost of coke making process.
Recently more than 40% of total reducing agents can be introduced into the furnace as the tuyere injectant
[1–3]. Such a high injection rate often causes instability of furnace operation, though. Under the operation with
high-rate injection of pulverized coal, the amounts of ﬁne particles (unburnt coal char and ﬁne coke particles)
ﬂowing within the lower part of the blast furnace increase, and these particles raise the pressure drop in the blast
furnace. Additionally, the accumulation of the ﬁne particles within the furnace decreases permeability of the
packed bed, and then it could result in the blockade to the gas and liquid ﬂows. Thus, the importance to under-
stand the behaviors of the materials ﬂowing in the lower part of the blast furnace arises. It, however, is diﬃcult to
measure the phenomena within the furnace due to large size of the reactor, existence of packed particles, pres-
surized operation, high temperature, and so on. Therefore the mathematical simulation based on the theories of
ﬂuid dynamics, reaction kinetics and transport phenomena is a useful tool to understand in-furnace phenomena.
Although various mathematical models of blast furnace have been developed [4–6] to simulate furnace
operation, these models treat only two or three main phases not including powder phase despite of its impor-
tance. The authors [7,8] proposed a mathematical model that treat powder phase in addition to the phases of
gas lump solids and liquids. The formulation of this model is based on the multi-ﬂuid concept; consequently
ﬂow, heat transfer and reaction of four phases including inter-phase interactions are calculated simulta-
neously. In this study the model is improved and applied to the novel operations of a blast furnace.
The carbon composite agglomerates (hereinafter CCB) are the mixtures of ﬁne iron ore and ﬁne carbona-
ceous materials adding some amount of binding agents in most cases. Carbothermic reduction of iron oxide
in the agglomerates proceeds fast in high temperature, and rotary hearth furnaces have been widely used for
reduction of CCB because of its high heating rate. The rotary hearth furnace processes have been partly indus-
trialized especially in dust processing. The CCB is also expected to have some advantages as raw material for
blast furnace. The ﬁne iron ore and carbonaceous materials are mixed in micro-scale to produce carbon com-
posite agglomerates. In this condition the coupling eﬀect is expected to accelerate carbon gasiﬁcation and iron
ore reduction and to lower the reaction temperature. The particles of iron ore and carbonaceous materials con-
tact each other in the agglomerates, and it provides more chance to proceed carburization. Thus charging CCB
enhances the rates of reduction and carburization and lowers operation temperature of blast furnace. Less sin-
ter and coke feeds decrease energy consumption in sintering and coking processes. The eﬀective use of non-cok-
ing coal and iron-bearing dusts enlarges the variety of raw materials and reducing agents. With these
advantages, CCB charging is expected to improve eﬃciency of blast furnace process. In this study, the eﬀect
of charging carbon composite agglomerates on operation of blast furnace operation is numerically examined.
2. Mathematical model
2.1. Fundamental framework
The model considers the four phases, namely gas, lump solids, ﬁne particles and liquids. The ﬁne particles
are physically same as the lump solids, but their ﬂow behaviors are completely diﬀerent. The latter phase fol-
lows the gravitational ﬂow and the former phase moves entrained by the gas ﬂow. Thus, these two phases are
treated separately in this model. As for the liquid ﬂow, immiscible two liquids, namely molten metal and liquid
slag, exist in the furnace. Their physical properties are considerably diﬀerent each other, and it makes the ﬂow
patterns of these two liquids diﬀerent. Therefore, the liquid phase is further divided into two phases even the
ﬂow mechanisms of these materials are the same. The solid phase consists of coke, lump iron ore, sintered ore,
pellet and briquette. These solid components possess their own chemical compositions and thermo-physical
properties. Hence, the rates reactions and phase changes of these components are calculated separately. Con-
trarily the ﬂow patterns of these solid components are identical and described as a motion of one phase.
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for all ﬁve phases. The following assumptions are adopted to formulate ﬂow, heat and mass transfer: (1) solid
ﬂow is described by the viscous ﬂow model [9]; (2) solid ﬂow has no direct eﬀect on packing structure of solid
materials and (3) liquid and powder phases have no static hold-up. All conservation equations used in this
model are expressed by the following single generalized form:o
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F /j!i ; ð1Þwhere the subscript i stands for the phases, the variable / represents variables to be solved, C and S are respec-
tively eﬀective diﬀusivity and source term for each variable, and F is the interaction with the other phases. The
phases considered here are gas (g), solid (s), molten iron (lm), slag (ls) and ﬁne particles (f). The variables that are
calculated by solving the conservation equations are velocity components according to the employed coordinate
system (u, v and w), temperature or enthalpy (T or h), mass fractions of chemical species (m). The volumetric
fractions of liquid and powder phases and the pressure of the other phases are calculated through the continuity
equations that are given by substituting unity to / in the generalized equation. The pressure gradient and grav-
ity in equation of motion, reaction rates of chemical species in mass conservation equation and reaction heats in
heat balance equation are taken account into the source term S. The interaction force among diﬀerent phases,
heat exchange and phase changes are considered in the term F. Note that the momentum and heat exchanges are
taken into account between liquid and ﬁne powder phases and molten metal and liquid slag phases.
2.2. Momentum exchange
The momentum exchange between gas and solid phases is calculated based on the Ergun’s equation [10]:F ug–s ¼ 150
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. ð2ÞIn the upper furnace, the coke and ore particles that are alternatively charged from the top of the furnace form
a layered structure. Consequently, cohesive zone locates like a stepping stone in a vertical cross section. Thus,
the packed bed within the furnace has anisotropic ﬂow resistance to the gas ﬂow. This anisotropy in the drag
force was described by introducing the inclination angle of the layer (h):~F g–s ¼
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. ð5ÞInteraction between gas and powder is calculated based on the drag force of a single particle in the gas
stream:~F g–f ¼ CDm 3
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enspiel [12]:CD ¼ 24Ref ð1þ C1Re
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1þ C4=Ref . ð8ÞThe gas–liquid interaction force is calculated in the same manner. The diameter of the liquid droplets was
given by the maximum value that can exist in the packed bed of spheres with closest packing [13].
The solid–liquid interaction was calculated by the Kozeny–Carman equation:F s–l ¼ 180 ð1 egÞ
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ð11Þ2.3. Heat exchange
The convective heat exchange rate between two diﬀerent phases was given by the product of the contact
area, heat transfer coeﬃcient and temperature diﬀerence:F T i!j ¼ AijhijðT i  T jÞ. ð12Þ
The gas–solid heat transfer coeﬃcient was calculated by the Ranz–Marshall equation [17], which was modiﬁed
by Akiyama et al. [18] for the moving bed:hg–s ¼ kgds ½2:0þ 0:39ðReg–sÞ
1=2ðPrgÞ1=3. ð13ÞThe gas–liquid heat transfer coeﬃcient was derived from the Mackey and Warner’s correlation [19] for the
height of transfer unit of heat transfer in trickle bed:hg–lag–l ¼ 4:18 104ðegqgugÞCpgðelulÞ0:35ðRegÞ0:37ðScg=PrgÞ2=3. ð14Þ
The convective heat transfer coeﬃcient between solid and liquid phases was evaluated by the following equa-
tion, which is suitable for the low Prandtl number liquid [20]:hl–s ¼ klds
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system [21]:he ¼ 2
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; ð16Þwhere ke and (qCp)e are respectively the thermal conductivity and the heat capacity of the emulsion and given as
ke = (egkg + efkf)/(eg + ef) and (qCp)e = [eg(qCp)g + ef(qCp)f]/(eg + ef), and tc was expressed as tc = (eg + ef)l/ue.
Then heat transfer coeﬃcient between powder and solid phases is expressed ashf–s ¼ ef
1 es he. ð17Þ
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1=2ðPrgÞ1=3. ð18Þ2.4. Chemical reactions and phase transformations
Nineteen chemical reactions and nine phase transformations for ordinary operation of the blast furnace
(summarized in Tables 1 and 2) and the reactions of carbon composite agglomerate are considered in the
model.
The iron oxide in the solid phase is reduced by the indirect reduction with carbon monoxide and hydrogen.
This heterogeneous reaction takes three possible stages and it is modeled by using the three-interface shrinking1
cal reactions considered in the mathematical model
Formula for reaction Description
3Fe2O3 (s)+CO (g)! 2Fe3O4 (s)+CO2 (g) Indirect reduction (IR) of hematite by CO
w
4w 3Fe3O4 ðsÞ þ CO ðgÞ !
3
4w 3FewO ðsÞ þ CO2 ðgÞ
IR of magnetite by CO
FewO (s)+CO (g)!wFe (s)+CO2 (g) IR of wustite by CO
3Fe2O3 (s)+H2 (g)! 2Fe3O4 (s)+H2O (g) IR of hematite by H2
w
4w 3Fe3O4 ðsÞ þH2 ðgÞ !
3
4w 3FewO ðsÞ þH2O ðgÞ
IR of magnetite by H2
FewO (s)+H2 (g)!wFe (s)+H2O (g) IR of wustite by H2
FewO (ls)+C (s)!wFe (lm)+CO (g) Direct reduction
C (s,f)+ 1/2O2 (g)!CO (g) Partial combustion
C (s,f)+O2 (g)!CO2 (g) Full combustion
C (s,f)+CO2 (g)! 2CO (g) Solution loss reaction
C (s,f)+H2O (g)!CO (g)+H2 (g) Water gas reaction
CO2 (g)+H2 (g)$CO (g)+H2O (g) Water gas shift reaction
VM (f)+ a13;1O2 (g)! a13;2CO2 (g)+ a13;3H2O (g)+ a13;4N2 (g) Volatile combustion
VM (f)+ a14;1CO2 (g)! a14;2CO (g)+ a14;3H2 (g)+ a14;4N2 (g) Volatile solution loss
SiO2 ðsÞ þ C ðsÞ $ SiO ðgÞ þ CO ðgÞ Coke silica gasiﬁcation
SiO2 ðsÞ þ 3C ðsÞ $ SiC ðsÞ þ 2CO ðgÞ SiC generation
SiC ðsÞ þ CO ðgÞ $ SiO ðgÞ þ 2C ðsÞ SiC gasiﬁcation
SiO2 (ls)+C (s)!SiO (g)+CO (g) Slag silica gasiﬁcation
SiO (g)+C (l–metal)!Si (lm)+CO (g) SiO reduction
Table 2
Phase transformations considered in the model
# Formula of phase transformation Description
20 H2O (s)$H2O (g) Evaporation
21 Fe (s)!Fe (lm) Melting of iron
22 FewO (s)!FewO (ls) Melting of wustite
23 SiO2 (s,f)! SiO2 (ls) Melting of silica
24 Al2O3 (s,f)!Al2O3 (ls) Melting of alumina
25 CaO (s,f)!CaO (ls) Melting of lime
26 MgO (s,f)!MgO (ls) Melting of magnesia
27 Scrap (s)! a271Fe (lm)+ a272C (lm)+ a273Si (lm) Melting of scrap
28 C (s)!C (lm) Dissolution of carbon
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and its rate is given by a second order rate equation [24,25].
The combustion and gasiﬁcation of carbon by oxygen gas mainly take place in raceway region, and produce
CO2 and CO gases [26]. These reactions are applied to the coke in the solid phase and the pulverized coal in the
powder phase. Carbon in the solid and powder phases are also consumed by the solution loss and water gas
reaction. The rates of these reactions are described by the mixed control of diﬀusion and chemical kinetics [26–
29].
The water gas shift reaction takes place homogeneously in the gas phase. This reversible reaction proceeds
to maintain the equilibrium between the carbon and hydrogen species. The reaction rate is given by a second
order equation [23].
Volatile matter released from the pulverized coal in the powder phase homogeneously reacts with O2 and
CO2 in the gas phase. The rates of devolatilization and consumption of this combustible gas are quite fast in
the combustion zone of the blast furnace. Thus, the model assumes the reactions proceed instantaneously. The
fraction of volatile released from the carbonaceous powder is speciﬁed prior to the calculation. From this
value, the amounts of reactants and products of these reactions are given by the stoichiometry. The generation
and consumption rates are introduced into the source terms of conservation equation of each chemical species.
Silicon transfer is an important secondary process in the furnace because it transmits thermal energy in the
lower part of the furnace as well as it relating to the quality of the product. The following reaction mechanism
is adopted in this model. Silicon enters the reaction zone as silica in gangue and ash. It is partially reduced to
either solid SiC or gaseous SiO. SiO gas either reoxidizes on cooling, or is further reduced on contact with
molten metal. The coke silica and SiC reduction reactions are treated as fully reversible reactions, allowing
silicon recirculation to occur [30–32], while the slag silica reduction and gas–metal SiO reduction reactions
are irreversible [33,34].
The carbon composite agglomerate, which is the mixture of ﬁne iron ore and carbonaceous materials, is
treated as a component of solid phase. During the reduction of iron oxide in the carbon composite agglom-
erate, reductions of iron oxide by solid carbon and carbon monoxide, and carbon gasiﬁcation by carbon diox-
ide occur simultaneously. Although these reactions mutually aﬀect and form overall reduction behavior, it is
diﬃcult to separately measure rates of these reactions in a agglomerate, and no reduction rate equation that
treats these reactions separately is available, so far. Thus the reduction of iron oxide in carbon composite
agglomerate is treated as an overall reaction. The following assumptions are used to formulate reduction
behavior of the carbon composite agglomerate. (1) The temperature, physical properties and reaction rates
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an equilibrium composition of FeO reduction by carbon monoxide [35]. (3) The surrounding gas composition
has no eﬀect on reduction rate of the carbon composite agglomerate although solution loss of carbon at par-
ticle surface by carbon dioxide in gas stream is taken into account. (4) Reduction rate is proportional to the
carbon content in an agglomerate particle. With these assumptions the reduction of iron oxide in the carbon
composite agglomerate is expressed as2FeOx þ C ¼ 2FeO x1þ2K2þ2Kð Þ þ
1
1þ K COþ
K
1þ K CO2 ð19Þwhere the coeﬃcient K is equilibrium constant of FeO reduction by carbon monoxide. The reduction rate is
given by the following equation:R ¼ kCCCB. ð20Þ
The reaction rate constant k is determined by temperature and gasiﬁcation ratio [36]:k ¼ expð5:51 130000=RT Þ for ðF C 6 F

CÞ;
expð5:67 160000=RT Þ for ðF C > F CÞ;
	
ð21Þ
F C ¼ 1 expð7:598 0:00655T Þ. ð22Þ
The following nine phase transformations are considered in the model. The moisture contained in the solid
phase evaporates, while the condensation is allowed to occur when the gas is saturated. The rate of this process
is assumed to be controlled by the boundary layer diﬀusion [28,37]. The melting of wustite, iron and gangue
components occur when the solid temperature exceeds their melting point. The rates of melting are assumed
proportional to the excess heat with the limitation by the generation rate. The carbon in coke particle is dis-
solved by the molten iron, and its rate is proportional to the departure from saturation [38].
2.5. Method of solution
A curvilinear coordinate system was used to represent the furnace shape, deadman (stagnant zone of solid
particles that is formed the center bottom of the blast furnace) and raceway (the combustion in front of tuyere)
boundaries. All of the conservation equations that are expressed by the generalized form (Eq. (1)) are trans-
formed onto an orthogonal coordinate system in computational space. The control volume formulation [39] is
applied to discretize the transformed equations. The fully implicit scheme was used for time integration of gov-
erning equations because the physical properties strongly depend on phase temperature and composition.
Although the solid particles in a packed bed are physically discontinuous material, this phase has pressure
ﬁeld since the movement of solid phase is described by the viscous ﬂow model. The pressure distributions of
the gas and the solid phases are calculated by the continuity equations that are transformed to the pressure
equations by linking with the momentum conservation equations [40]. The liquids and powder phases are trea-
ted as dispersed phases, and the continuity equations of these phases are used to calculate volumetric fractions.
The volumetric fraction of the solid phase is determined by the following procedure. The mass fractions of the
solid chemical components are calculated by solving their conservation equations. Summation of the mass
fractions of chemical components that belong to a burden material gives the mass fraction of this material.
With an assumption that the bed properties of the single-burden-material bed are given as a function of chem-
ical composition, temperature and diameter, the mass fractions of burden materials are converted to the vol-
ume fractions. Finally the volumetric fraction of solid phase is given as weighted average value of charged
materials. The volumetric fraction of the gas phase is calculated based on the following relation:eg þ es þ elm þ els þ ef ¼ 1. ð23Þ
In this study, an assumption of axisymmetry is applied because the charging of the solid materials and
tuyere injection are made circumferentially uniform. With this assumption and use of cylindrical coordinate
system, all macroscopic phenomena can be described in two-dimensional framework that includes axial
and radial coordinate. Therefore the calculation domain is a half cross section of the furnace that include cen-
ter axis. This domain is surrounded by the burden surface at the top, center axis, furnace wall and surface of
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gas and the powder phases are injected into the furnace. The boundary conditions are summarized as follows.
No materials pass across the center axis and the wall boundaries. For the velocities parallel to the furnace wall
the slip condition is applied while the friction force is taken into account for the solid velocity on vertical wall.
Heat loss through the wall that is taken into account as the boundary conditions of enthalpy balance equa-
tions. At the tuyere boundary, velocities, compositions, temperatures, volumetric fractions of the gas and
the powder phases are speciﬁed based on the operating conditions. For the solid and the liquid phases the
tuyere boundary is treated as the wall boundary. The gradients of all dependent variables except for the radial
velocity components perpendicular to the center axis are set zero. Only liquid phases are able to ﬂow out
through the slag bath surface, and this boundary is treated as wall for the other phases. The temperature
of the slag bath is given by the averaged temperature of the molten metal and the liquid slag passing across
the slag bath surface. The temperature and the composition of solid materials are speciﬁed at the burden sur-
face and the no gradient is assumed for the other variables at this boundary.
3. Results and discussion
3.1. Calculating conditions
Simulations were performed for the blast furnace with diameter of 11.2 m, height of 25.2 m and inner vol-
ume of 2303 m3. The shape of the calculation domain and computation grid arrangement are shown in Fig. 1.
The major operating conditions and properties of the charged solid materials are listed out in Tables 3–5. The
charging pattern of solid materials is one of the most important operation factors to determine the gas ﬂow
patterns in the furnace. The radial distributions of solid charging fractions for the standard case and 30% of
the CCB charging ratio are shown in Fig. 2. The charging fraction of iron-bearing materials is relatively lower
in the central part while it is high in the peripheral part. This distribution pattern of iron-bearing materials is
fundamentally unchanged regardless of the CCB charging ratio.
To evaluate the performance of the blast furnace operation with CCB charging, calculating conditions were
determined as follows. At ﬁrst the blast furnace operation without CCB charging is computed as standardFig. 1. Calculation domain and grid arrangement.
Table 3
Standard operating condition of blast furnace
Blast temperature 1050 C
Blast rate 4119 N m3/min
Oxygen enrichment 3.0 mol%
Blast humidity 2.3 g H2O/N m
3
PC injecting rate 8.0 kg/s
Raceway temperature 2124 C
Bosh gas ﬂow rate 3.998 kmol/s
Table 4
Composition of iron-bearing materials (unit: mass %)
Item Fe2O3 Fe3O4 FeO Fe H2O C Gangue C/O
Sinter 78.55 6.15 0 0 0.19 0 15.11 –
CCB 75 0 0 0 0.0 20 5.0 0.84
Table 5
Properties of sintered ore and CCB
Sinter CCB
Iron grade [mass %] 59.4 52.7
Density [kg/m3] 3500 4200
Shape factor [–] 0.84 0.95
Diameter [mm] 16–30 15
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as reference hot metal temperature. In the following simulations with CCB charging, the ratio of coke to iron-
bearing components (sum of sinter and CCB) in charged materials is adjusted to reproduce reference hot metal
temperature. This adjustment is made through trial-and-error method while ratio of CCB to sinter is kept con-
stant. The temperature diﬀerence less than 5 K is accepted. The hot metal temperature is one of the most
important product quality, and the thermal eﬃciency of the operation is clearly shown by keeping the hot
metal temperature. Note that the injecting conditions of blast gas and pulverized coal through the tuyere
are kept constant for all calculations and the reference hot metal temperature is 1600 C.
3.2. Eﬀect of CCB charging ratio
The eﬀect of CCB charging ratio (mass ratio of CCB to total iron-bearing materials) is examined through
the numerical simulation. Fig. 3 shows the two-dimensional solid temperature distributions for the standard
case and operations with CCB charging ratio of 20%, 30% and 100%. In the ﬁgures, the cohesive zone in which
the reduced iron-bearing materials soften and melt is indicated by the dashed lines, and the shapes of deadman
and raceway zones are drawn by the thick solid lines in the lower part (the shapes of latter two zones are spec-
iﬁed prior to the computation). The temperature level decreases with the increase in CCB charging ratio and
the height of the cohesive zone shifts downward. The high temperature region more than 1000 C appears only
in the bottom part when all the iron-bearing material is replaced with CCB. To clarify the level of the tem-
perature lowering, the temperature at each height is averaged over the horizontal cross section and redrawn
as one-dimensional variation (Fig. 4). In this ﬁgure the movement of the charged solid material is from right to
left while the gas ﬂows left to right. In the bottom part of the furnace the temperature level is constant for all
cases because the conditions of tuyere injection are common and the heat supply to the bottom part by the
combustion is constant throughout the cases. Contrarily temperature level in the upper part lowers with
increase in CCB charging ratio, and the region in which the solid temperature steeply rises shifts downward.
Regarding the temperature levels in the section having the gentle temperature gradient, the temperature
decrease in 20% CCB case is about 200 K compared to the standard case.
Fig. 2. Charging patterns of solid materials.
Fig. 3. Eﬀect of CCB charging ratio on solid temperature distribution.
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Fig. 4. One-dimensional variations of solid temperature with height.
Fig. 5. Eﬀect of CCB charging on distribution of overall reduction degree.
1222 H. Nogami et al. / Applied Mathematical Modelling 30 (2006) 1212–1228Fig. 5 shows the distributions of the over all reduction degree of sintered ore for the standard and CCB 30%
cases. The reduction reaction of sintered ore proceed by three steps, namely from Fe2O3 to Fe3O4, from Fe3O4
to FeO and from FeO to Fe. Although these steps somewhat overlap each other, the completion of ﬁrst step
corresponds to 11% of overall reduction degree. Thus the progress of the Fe2O3 reduction show little variation
despite of the CCB charging. The area in which third step occurs (more than 33% of over all reduction degree)
locates lower in CCB 30% case. The progress of this step, however, show small change since the distance
between contour lines of reduction degree are similar in both cases. Contrarily second step shows large delay
in CCB charging case. These variation of the reduction degree can be explained by the variation of temper-
ature distribution with CCB charging ratio. The reduction of Fe2O3 proceeds even low temperature if carbon
monoxide exist in surrounding gas. Additionally, the eﬀect of CCB charging ratio on initial heating behavior
of solid materials in the top region of the furnace is very small. Consequently the ﬁrst step of iron oxide reduc-
tion shows little variation. The reduction of FeO takes place in high temperature atmosphere, and it needs
high concentration of carbon monoxide. As shown in Fig. 3 the region of steep temperature rise moves down-
ward with CCB charging ratio while the temperature gradient of this region shows only slight change. There-
fore the FeO reduction region changes with CCB charging ratio while its progress shows little variation.
Fig. 6. Eﬀect of CCB charging ratio on major operation results.
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decrease due to the CCB charging occurs. As a result the progress of Fe3O4 reduction is suppressed. The
energy balance is discussed in more detail later.
Fig. 6 shows the eﬀect of CCB charging on major operational parameters. The temperature of exhaust gas
ﬂowing out from the furnace top decreases with the increase in CCB charging ratio. This tendency is mainly
caused by the temperature decrease in upper part of the blast furnace. The productivity of the hot metal is
improved by the CCB charging. Regarding reducing agent rate which is equivalent to the energy input, the
carbon rate introduced with CCB linearly increases while the coke rate decreases with CCB charging ratio.
The pulverized coal rate shows slight decrease. By summing up these rates, the total reducing agent rate
slightly decreases with increase in the CCB charging ratio. Therefore the CCB charging operation improves
thermal eﬃciency of the blast furnace in the range of charging ratio shown in the ﬁgure. Contrarily entire
replacement of iron-bearing materials with CCB worsen the furnace operation, the productivity decreases
about 21% while the reducing agent rate increases about 43%.
The heat balance of each operations are summarized in Table 6. Major part of the heat input consists of
sensible heat of the blast gas and the heat generation in the raceway zone by the combustion reactions,
and they provides about 96% of the total heat supply to the blast furnace. Heat input is almost same for
all condition because the conditions of the tuyere injection are kept constant throughout all cases. The heat
output consists of the sensible heats of out-ﬂowing materials, the reaction heats of endothermic reactions
and the heat loss through the furnace wall. These items vary up to 30% of the CCB charging ratio. The sensible
heat brought by the top gas decreases with the CCB charging ratio due to the decrease in the top gas temper-
ature. The increase in the heat out ﬂow by the hot metal is brought by the increase in hot metal productivity.
The decrease in the heat loss through the furnace wall is caused by the decrease in the in-furnace temperature
mentioned above. Regarding the heat demand for the endothermic reactions, although the heat requirements
Table 6
Eﬀect of CCB charging ratio on heat balance of blast furnace (unit: MJ/s)
CCB charging ratio STD 30% 100%
In Blast 100.3 100.3 100.3
Raceway combustion 185.8 185.8 185.9
Others 12.3 12.3 12.3
Total 298.4 298.4 298.5
Out Top gas 35.5 24.7 30.8
Hot metal 58.2 65.6 44.9
Hot slag 35.1 33.1 13.1
Heat loss 19.0 13.4 10.9
CCB reduction and melting 0.0 66.4 164.2
Sinter reduction and melting 43.5 35.1 0.3
Direct reduction 13.7 11.6 4.5
Solution loss reaction
Raceway 9.8 9.8 10.0
Belly 54.9 35.1 20.3
Si transfer reactions 10.7 4.2 1.7
Others 17.7 1.6 3.1
Total 298.1 300.6 303.8
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ratio. The degree of these variation for the latter is larger than that for the former. Thus the CCB requires
more heat to be reduced and melted than the sintered ore does. The reaction heat of the silicon transfer reac-
tions decrease with the increase in CCB charging ratio. As explained in the previous section the silicon transfer
reactions include the reduction of SiO2 and absorb large reaction heat. These reactions take place in very high
temperature range. With increase in the CCB charging ratio, the high temperature region in the bottom part of
the furnace shrinks. This variation of the temperature distribution suppresses the progress of the silicon trans-
fer reactions.
Finally the most remarkable decrease in reaction heat demand is of the solution loss reaction in the belly
(middle part of the furnace). The solution loss reaction is a reaction between solid carbon and carbon dioxide
to generate carbon monoxide, and is one of the most important endothermic reaction within the blast furnace.
The decrease in the amount of the solution loss reaction with the CCB charging is explained by the distribu-
tions of temperature and CO2 concentration shown in Fig. 7. The solution loss reaction occurs in the temper-
ature range higher than 1000 C and the existence of CO2 is necessary. For the standard case the solid
temperature reaches 1000 C around 16 m in height. The carbon dioxide concentration at this height is about
9%. The carbon dioxide starts to generate around the height of 12 m by the gaseous reduction of iron oxide.
The coke particles have chance to undergo the solution loss reaction between these heights. For the CCB 30%Fig. 7. Variations of solid temperature and CO2 concentration distributions.
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which CO2 exists and temperature is higher than 1000 C is about 1.8 m. Therefore the reaction area and the
concentration of the gaseous reactant of the solution loss reaction are reduced by the charging of CCB. Con-
sequently the amount of the solution loss reaction decreases with the CCB charging ratio. These decreases of
heat demands compensate the increased heat requirement for the reduction of the carbon composite agglom-
erate, rather supply the energy to process additional raw materials. Consequently, the thermal eﬃciency of
blast furnace with carbon composite agglomerate charging improves despite the delay of the reduction of
iron-bearing materials and the increase in burdens charging rate.
As for the case with entire replacement of iron-bearing materials with the CCB, the decrease in the heat
demands for the solution loss reaction, the silicon transfer reaction, the sinter reduction and heat loss is unable
to compensate the increase in the heat requirement for the CCB reduction any more. Thus the thermal eﬃ-
ciency in this case is worsened.
3.3. Eﬀect of operation temperature lowering
In ordinary blast furnace operation the coke particles and the iron-bearing materials are charged alternately
and form layer-by-layer structure in the furnace. Thus the reduced iron and carbon contact on the border
between carbonaceous and iron-bearing layers. Contrarily the carbon composite briquette, CCB, is the
agglomerate of ﬁne iron ore and ﬁne carbonaceous materials. The reduced iron and the carbonaceous mate-
rials exist in a particle, and much more contacts are anticipated in the CCB charging case. This will increase
carburization (carbon dissolution to iron) rate and decreasing melting temperature of iron-bearing materials.Table 7
Summary of compared conditions for temperature lowering
STD CCB20 M100 M100HM50
CCB ratio 0% 20%
Tmelt 1400 C 1300 C
Thot metal 1600 C 1550 C
Fig. 8. Eﬀect of temperature lowering on solid temperature distribution.
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of melting temperature depression combined with the lowering hot metal temperature was examined. The
tested cases are summarized in Table 7. Four cases were compared. The standard and CCB 20% cases are com-
mon with the previous section. Third case is lowering melting temperature by 100 C under 20% of CCB
charging ratio, and the last case is decreasing hot metal temperature by 50 C.
Fig. 8 shows the eﬀect of the melting temperature depression on the solid temperature distribution. The
temperature distribution shifts downward with the CCB charging, and it further moves downward when
the melting temperature is lowered. The eﬀect of the hot metal temperature lowering is insigniﬁcant,
but the location of the cohesive zone was slightly lowered by decreasing hot metal temperature. Fig. 9 shows
the overall operation status of the blast furnace. With lowering melting and hot metal temperatures, the hot
metal production increases while the slag rate shows little change because the ratio of CCB to sinter charging
is constant in these cases. Regarding reduction agent rate, the carbon brought with the CCB charging shows
no change by the temperature lowering. The coke rate and the pulverized coal rate are decreased a little. These
are mainly due to the increase in the hot metal production while the pulverized coal injection rate per unit time
[kg/s] is constant for all cases. As a result, total reducing agent rate show slight decrease. Table 8 summarized
the eﬀect of the temperature lowering on the heat balance of the blast furnace. All the valued shown in this
table are based on unit production (ton of hot metal: [thm]), and they represent the eﬃciency for the unit pro-
duction. The heat input is decreased by the temperature lowering. Since the heat input per unit time period is
constant throughout the examined cases. This decrease is caused by the increase in the hot metal productivity,
and this means the improvement of thermal eﬃciency.
Regarding heat consumption, heat demand for direct reduction increases that is the reaction between mol-
ten FeO in the slag phase and solid carbon. By the melting temperature lowering, average reduction degree of
iron-bearing material at which the solid temperature reaches melting temperature decreases. Thus the FeOFig. 9. Eﬀect of temperature lowering on major operation results.
Table 8
Eﬀect of temperature lowering on heat balance of blast furnace (unit: GJ/thm)
CCB charging ratio STD 20% M100 M100HM50
In Blast 1.69 1.57 1.51 1.47
Raceway combustion 3.13 2.91 2.80 2.73
Others 0.21 0.19 0.19 0.18
Total 5.03 4.67 4.50 4.38
Out Top gas 0.59 0.45 0.38 0.35
Hot metal 0.98 0.98 0.98 0.94
Hot slag 0.59 0.53 0.53 0.53
Heat loss 0.32 0.25 0.21 0.19
CCB reduction and melting 0.00 0.66 0.66 0.65
Sinter reduction and melting 0.73 0.60 0.60 0.60
Direct reduction 0.23 0.20 0.36 0.38
Solution loss reaction
Raceway 0.16 0.15 0.14 0.14
Belly 0.93 0.67 0.55 0.51
Si transfer reactions 0.18 0.11 0.08 0.07
Others 0.29 0.06 0.03 0.02
Total 5.02 4.66 4.53 4.40
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Consequently the heat consumption by the direct reduction increases by the lowering the melting and hot
metal temperatures. The heat demand by the solution loss reaction decreases in the temperature lowering
cases. The reason of this decrease is fundamentally same as explained above. Additionally, the variation of
CO2 generation behavior contributes the further decrease in the solution loss reaction. The gaseous reactant
of this reaction, namely CO2, is generated by the reduction of the solid iron oxide, mainly FeO, by carbon
monoxide. With increase in the amount of the direct reduction, the amount of the reduction of FeO by CO
gas decreases. Furthermore the lowering of the melting temperature also lowers the starting temperature of
CO2 generation. These variations of CO2 generation behavior narrow the solution loss reaction zone and les-
sen the CO2 concentration in this zone. Consequently the heat consumption by the solution loss reaction
decreases. The temperature lowering decreases the thermal outﬂow by the hot metal, the top gas and the heat
loss, and heat consumption by the silicon transfer reactions. Therefore these decrease in heat demand
improves the thermal eﬃciency of the blast furnace with temperature lowering.4. Conclusions
The eﬀects of charging carbon composite agglomerates (CCB) to blast furnace and lowering of melting and
hot metal temperatures on blast furnace operation were examined through numerical experiments based on
the multi-ﬂuid blast furnace simulator. The results of the simulation revealed that the stack temperature
decreased with charging CCB, and location of cohesive zone shifted downward. This decrease in furnace tem-
perature level retarded reduction of iron-bearing materials. The heat requirements for solution loss, sinter
reduction and silicon transfer reactions, heat outﬂow by top gas and wall heat transfer decreased in the
CCB charging case, and they made thermal eﬃciency of blast furnace improved within the tested range of car-
bon composite agglomerate charging. The decrease in melting and hot metal temperatures further improved
the eﬃciency of blast furnace operation.References
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